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ABSTRACT InGram-negativebacteria,theLolandBammachineriesdirectthetargetingoflipidatedandnonlipidatedproteins,
respectively, to the outer membrane (OM). Using Pseudomonas aeruginosa strains with depleted levels of speciﬁc Bam and Lol
proteins,wedemonstratedavariabledependenceofdifferentOMproteinsonthesetargetingpathways.Reductioninthelevelof
BamAsigniﬁcantlyaffectedtheabilityofthe -barrelmembraneproteinOprFtolocalizetotheOM,whilethetargetingofthree
secretinsthatarefunctionallyrelatedOMproteinswaslessaffected(PilQandPscC)ornotatallaffected(XcpQ).Depletionof
LolBaffectedalllipoproteinsexaminedandhadavariableeffectonthenonlipidatedproteins.WhilethelevelsofOprF,PilQ,
andPscCweresigniﬁcantlyreducedbyLolBdepletion,XcpQwasunaffectedandwascorrectlylocalizedtotheOM.Theseresults
suggestthatcertain-barrelproteinssuchasOprFprimarilyutilizethecompleteBammachinery.TheLolmachinerypartici-
patesintheOMtargetingofsecretinstovariabledegrees,likelythroughitsinvolvementintheassemblyoflipidatedBamcom-
ponents.XcpQ,butnotPilQorPscC,wasshowntoassemblespontaneouslyintoliposomesasmultimers.Thisworkraisesthe
possibilitythatthereisagradientofutilizationofBamandLolinsertionandtargetingmachineries.Structuralfeaturesofindi-
vidualproteins,includingtheir -barrelcontent,maydeterminethepropensityoftheseproteinsforfolding(ormisfolding)
duringperiplasmictransitandOMinsertion,therebyinﬂuencingtheextentofutilizationoftheBamtargetingmachinery,re-
spectively.
IMPORTANCE Targetingoflipidatedandnonlipidatedproteinstotheoutermembrane(OM)compartmentinGram-negative
bacteriainvolvesthetransferacrosstheperiplasmutilizingtheLolandBammachineries,respectively.Weshowthatdepletion
of Bam and Lol components in Pseudomonas aeruginosa does not lead to a general OM protein translocation defect, but the se-
verity(andtherefore,LolandBamdependence),varieswithindividualproteins.XcpQ,thesecretincomponentofthetypeII
secretionapparatus,istranslocatedintotheOMwithouttheassistanceofBamorLolmachineries.ThehypothesisthatXcpQ,
aftersecretionacrossthecytoplasmicmembrane,doesnotutilizetheOMtargetingmachinerieswassupportedbydemonstrat-
ing that in vitro-synthesized XcpQ (but not the other P. aeruginosa secretins) can spontaneously incorporate into lipid vesicles.
Therefore,therequirementforancillaryfactorsappearstobe,incertaininstances,dictatedbytheintrinsicpropertiesofindivid-
ualOMproteins,conceivablyreﬂectingtheirpropensitiestomisfoldduringperiplasmictransit.
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T
he outer membrane (OM) of Gram-negative bacteria is the
outermost membrane barrier and is separated from the
cytosol by the cytoplasmic or inner membrane (IM), the pep-
tidoglycanlayer,andtheperiplasm.LiketheIM,theOMcontains
phospholipidsbuthasauniquelipidcomponent,thelipopolysac-
charide(LPS),locatedexclusivelyintheouterleaﬂetofthebilayer.
Italsocontainsoutermembraneproteins(OMPs),someofwhich
are lipidated. In addition to contributing to the maintenance of
cellularintegrity,theOMisakeymediatorofbacterialinteraction
with the environment and serves as an anchor for multicompo-
nentsystemsinvolvedinmotilityandproteinsecretionandinthe
import and export of small molecules. Recent work by several
laboratorieshasshownthatassemblyofOMPslackingorcontain-
ing an acyl modiﬁcation follows dedicated targeting pathways.
Newly synthesized nonlipidated, -barrel OMPs are translocated
across the IM by the Sec machinery. Following the removal of the
N-terminal signal sequence by the signal peptidase, the proteins
are released into the periplasm and are shuttled in an unfolded
statetotheOMbychaperonesSurA,Skp,andDegP.Theassembly
of -barrel OM proteins is catalyzed by a machinery called the
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BamA, and four lipoproteins, BamB, BamC, BamD, and BamE
(1–3). BamA was ﬁrst discovered (and designated Omp85) in
Neisseriameningitidis,whereitparticipatesintheterminalstepsin
the OM insertion of the PorA and PorB porins, the FrpB sidero-
phore receptor, and PilQ, the secretin component of the type IV
pilus biogenesis apparatus (4). In N. meningitidis, the assembly of
OMPs requires an additional component, RmpM, a periplasmic
proteinassociatedwiththeOMthroughbindingtointegralOMPs
(5).TheBamcomplexisalsoimportantforcorrectlocalizationof
so-called autotransporters, proteins that utilize a C-terminal do-
main(“domain”)totranslocateanN-terminalextracellulardo-
main (“passenger domain”) across the OM in a number of bacte-
ria (6–9). The broad distribution of proteins whose assembly
depends on the Bam complex suggested that this pathway repre-
sents a universal mechanism for translocating nonlipidated pro-
teins with -barrel structures across the periplasm into the OM.
However,Collinetal.demonstratedthat,incontrasttotheporins
OmpA and LamB, multimerization and OM association of the
secretinPulD,acomponentofthetypeIIsecretionsystem(T2SS)
in Klebsiella oxytoca, in which the presence of  strands remains
uncertain because of the lack of structural information, occurred
independently of BamA (10). Whether differences in the results
obtainedwiththerelatedPilQandPulDproteinsreﬂectaspecies-
speciﬁc phenomenon and whether certain OMPs are assembled
via another, as-yet-unidentiﬁed pathway remain to be deter-
mined.
The pathway for localization of outer membrane lipoproteins
has been described in detail mostly for Escherichia coli (11, 12).
TheN-terminalsignalpeptidesoflipoproteinsenabletheirrecog-
nitionbyandtransportthroughtheSectransloconasprolipopro-
tein precursors. Processing of the IM-bound precursor occurs
through a series of sequential enzymatic events that involve Lgt,
LspA, Lnt, and an N-terminal cis element called a lipobox. First,
Lgt catalyzes addition of N-acyl-diacylglyceryl to the cysteine that
is the last amino acid of the lipobox and the ﬁrst amino acid of
mature lipoprotein. This step is followed by cleavage of the signal
peptide by the LspA signal peptidase. The Lnt protein completes
the formation of the mature lipoprotein by catalyzing the amino-
acylation of the diacylglycerylcysteine (for a review, see reference
12). A mature lipoprotein possessing an amino acid residue other
than aspartate as the second residue (the “2” sorting rule) is
destinedfortheOM.TheselipoproteinsinteractwiththeLolCDE
complex in the IM, which then, upon ATP hydrolysis, transfers
the lipoprotein to the periplasmic chaperone LolA, which directs
themtotheOM.Atthatpoint,LolB(itselfalipoprotein)servesas
a receptor for the translocated lipoproteins, facilitating their in-
sertion into the OM. Since four of the components of the E. coli
Bam complex are lipoproteins, the secretion of nonlipidated pro-
teins depends, indirectly, on the functional Lol pathway.
In order to deﬁne the range of substrates that share a common
mechanism for localization, we selected three secretins of Pseu-
domonas aeruginosa, PilQ, XcpQ, and PscC, and determined the
effectsthatreductionsintheamountsoftheBamAandLolBhave
ontheirtranslocationandassemblyintotheOM.PilQ,XcpQ,and
PscC form multimeric ring-like structures in the OM and func-
tionduringsecretionofpilinsubunitsforassemblyoftypeIVpili,
secretion of substrates by the type II secretion system (T2SS), and
translocation of protein substrates into host cells by the type III
secretion system (T3SS), respectively (13). P. aeruginosa PilQ is
closely related to N. meningitidis PilQ, while XcpQ is closely re-
lated to PulD. While the amounts of all three P. aeruginosa secre-
tinswererelativelyunaffectedorminimallyaffectedbychangesin
BamA levels, the amounts of PilQ and PscC, but not XcpQ, were
signiﬁcantlyreducedintheabsenceofLolB.Wefurthershowthat
in vitro-synthesized XcpQ, but not PilQ or PscC, assembles into
liposomes.Theseﬁndingsraisethepossibilitythatthereexistmul-
tiplepathwaysandmechanismsforintegrationofspeciﬁcproteins
into the OM.
RESULTS
Depletion of BamA or LolB leads to an irreversible growth de-
fect. To assess the role of the Bam and Lol pathways in the target-
ing of various P. aeruginosa OMPs, we deleted the chromosomal
bamA or lolB gene in a PAK strain that carries the corresponding
genes in the pMMB67EH expression vector behind the tac pro-
moter.Theplasmidvectorsinthesestrains,PAKbamA(pMMB-
bamA) (designated as the BamA-depletion strain) and PAK lolB
(pMMB-lolB)(designatedastheLolB-depletionstrain),alsocarry
thegenefortheLacIrepressor,makingtheexpressionofthebamA
andlolBgenesdependentonthepresenceoftheinducerisopropyl
-D-1-thiogalactopyranoside (IPTG) in the growth medium.
When each strain was grown in Luria-Bertani (LB) media con-
taining IPTG in a range of 0 to 500 M, growth of the bacteria in
the culture became dependent on the levels of the inducer, indi-
cating that bamA and lolB are essential (Fig. 1A and B). Induction
with 10 to 500 M IPTG in the BamA-depletion strain yielded
bacterialgrowthratescomparabletothatofthePAKpMMB67EH
wild-type(WT)strain,whereastheadditionof5MIPTGyielded
a growth rate that lagged by approximately 3 to 4 doubling times.
Without any induction (i.e., in the absence of IPTG), growth was
severely attenuated in the BamA-depletion strain. A similar pat-
tern of growth was observed for the LolB-depletion strain, which
requiredatleast10to50MIPTGforgrowthcloseorcomparable
to that of WT PAK pMMB67EH. Differences in growth between
the two strains carrying the bamA and lolB constructs were likely
due to the requirement for certain levels of each product for the
optimalfunctioningoftherespectiveOMproteintargetingappa-
ratus. For subsequent experiments, unless indicated otherwise,
culturesofPAKbamA(pMMB-bamA)andPAKlolB(pMMB-
lolB)weresupplementedwith5Mand50MIPTGfordepleted
and induced conditions, respectively.
ImmunoblottingwasusedtomonitortheeffectofIPTGonthe
levels of BamA and LolB. In each case, the decrease in growth
correlated with a decrease in the level of BamA or LolB. At 50 M
IPTG, both BamA and LolB were overproduced approximately
2-fold compared to the WT control results (Fig. 1C and D), with-
out having a deleterious effect on growth (Fig. 1A and B). While
thedepletionofBamAdidnotsigniﬁcantlyaffectthelevelsofLolB
(lanes1to4inFig.1D),anoticeabledecreaseinthelevelofBamA
was seen in a LolB depletion strain under conditions of IPTG
limitation (lanes 5 to 8 in Fig. 1C). Interestingly, in both cases the
growthdefectwasobservedwhenthelevelsofBamAorLolBwere
reduced to approximately 25% of the WT level by limiting the
IPTGconcentrationto5M,andamoreseveredefectwasseenin
the absence of IPTG. The apparent IPTG-independent synthesis
of BamA or LolB was presumably due to the leakiness of the tac
promoter in pMMB67EH. These results suggest that the levels of
BamA and LolB needed to sustain WT levels of growth cannot be
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proliferate is impaired.
To assess whether depletion of either BamA or LolB is revers-
ible, PAK bamA (pMMB-bamA) and PAK lolB (pMMB-lolB)
were grown under conditions that resulted in a signiﬁcant de-
creaseinBamAandLolBlevels(IPTGat0or5Mfor9h)aswell
as in media containing 50 M IPTG for full expression. Bacteria
werethenplatedontoLBagarcontaining50MIPTG,andviable
bacteriawereenumeratedbydeterminingtheplatingefﬁciencyof
the culture (i.e., comparing observed colony forming units
[CFUs] to those expected based on normalized values for optical
density at 600 nm [OD600]) (see Fig. S1 in the supplemental ma-
terial). In each case, prior depletion of BamA and LolB before
plating resulted in a signiﬁcant loss of colony-forming ability, in-
dicating that the observed impairment in the OMP transport (see
below) led to irreversible damage and cell death.
Depletion of BamA or LolB affects the stability of the major
-barrel OMP OprF. Whether the Bam and Lol pathways func-
tion in P. aeruginosa was examined by monitoring the OM local-
ization of OprF, a well-characterized -barrel OMP, as well as
thoseoflipoproteinsOprMandFlgH.Depleted(D)andinducing
(I) conditions, controlled by the concentrations of IPTG at 0 and
50 M IPTG, respectively, were used for the data presented in
Fig. 2. Total cell (TC) levels of each protein in whole cells were
determined, followed by fractionation of cell lysates into IM and
OM compartments. The proper fractionation of the cells was
monitored using antibodies against the cytoplasmic, 70 subunit
of RNA polymerase and the IM protein, XcpY. The depletion of
BamA had a signiﬁcant effect on the levels of detectable OprF in
wholecells,suggestingthatimproperlocalizationaffectsitsstabil-
ity, leading to degradation by periplasmic proteases (Fig. 2A, top
panel, lanes 1 and 4). However, the residual OprF that was ob-
served in these cells was correctly localized to the OM even under
BamA-depletion conditions (Fig. 2A, top panel, lanes 3 and 6).
BamAdepletiondidnotaffectoprFgeneexpression,sinceitstran-
scriptlevelsintheBamA-depletedandWTcellsweresimilar(data
not shown). A similar effect on the stability of OprF (and, to a
lesser extent, on the stability of BamA) was seen in the LolB-
depletion strain (Fig. 2A, the -OprF and -BamA blots, lanes 7
and 10). These results were not totally unexpected, since the Bam
machinery contains four lipoproteins, and the effect of LolB de-
pletion on the -barrel OMP OprF might have been a conse-
quence of inhibiting their trafﬁcking to the OM via the Lol path-
way.
Accordingtotheresultsofexaminationsoftotalcellextractsor
IMandOMfractions,BamAdepletiondidnotsigniﬁcantlyaffect
thetotalamountsofthelipoproteinOprM(monomersandslowly
migratingmultimers)(seelanes1,2,and3comparedtolanes4,5,
and 6 in Fig. 2B). If anything, in some experiments, there was a
slight increase in the amount of this protein. However, the
amountofOM-localizedlipoproteinFlgHwasreducedinBamA-
depletedcells(comparelanes3and6),suggestingthatassemblyof
theﬂagellarapparatuscontainingthisproteinmaydependonOM
components translocated by the Bam apparatus. Contrary to ex-
pectations,theimpairmentoflipoproteintrafﬁckingbydepletion
of LolB had only a modest effect on OprM: a lower level of OprM
multimers was detected in the total cells whereas the amount of
the same multimeric species in the OM was unaffected. The level
of OprM monomers, located predominantly in the inner mem-
brane,wasalsounaffectedbyLolBdepletion.Itisconceivablethat
thefractionofOprMnotdegradedintheperiplasmintheabsence
ofLolBisincorporatedintheOM.Incontrast,thetotalamountof
FIG1 TheeffectofBamAorLolBdepletiononP.aeruginosagrowth.GrowthofP.aeruginosaPAKbamA(pMMB-bamA)(A)andofP.aeruginosaPAKlolB
(pMMB-lolB)(B)inmediacontainingvariousconcentrationsofIPTG.Growthofwild-type(WT)P.aeruginosaPAKcontainingtheemptyvector(pMMB67EH)
either in the presence of 50 M IPTG or without IPTG was also monitored. Immunoblots of cells grown in various concentrations of IPTG for 9 h and probed
with antibodies against BamA (C) and LolB (D). Blots were also probed with antibodies against the 70 subunit of RNA polymerase.
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lanes7and10inFig.2B)and,sincenonewasdetectedintheIMor
OM, mistargeted FlgH was either degraded or lost from the
periplasm during fractionation.
Effect of BamA and LolB depletion on the localization of
P.aeruginosasecretins.TheavailabilityofP.aeruginosastrainsin
which the levels of BamA or LolB can be manipulated allowed us
to examine targeting of the P. aeruginosa PilQ, the ortholog of the
BamA-dependent N. meningitidis pilin secretin. We also analyzed
the OM localization of XcpQ and PscC, two secretins involved in
distinct extracellular protein targeting machineries, the T2SS and
T3SS, respectively. For these experiments, we modiﬁed PAK
bamA (pMMB-bamA) and PAK lolB (pMMB-lolB) by intro-
ducingintothechromosomeofeachoneacassettecontainingthe
gene for the arabinose regulator (AraC) and the pBAD promoter
orientedinsuchawayastodrivetheexpressionofthepilQ,xcpQ,
and pscC genes, as described in Materials and Methods. These
strains allowed us to coordinate the depletion of BamA or LolB
witharabinose-mediatedinductionofexpressionandassemblyof
the secretins into the OM.
Comparison of the levels and IM and OM localization of PilQ,
XcpQ,andPscCinBamA-andLolB-depletionstrainsisshownin
Fig. 3. In cells with depleted BamA, the total levels of PilQ, XcpQ,
and PscC monomers and multimers were virtually unaffected
(XcpQ) or only marginally affected (PilQ and PscC) (compare
lanes1and5inFig.3).ThedistributionoftheseproteinsintheIM
and OM was independent of BamA levels, and the total amount
recoveredinthemembranefractionscorrespondedtotheamount
of multimers detected in total cell extracts (Fig. 3, lanes 3 and 4
and 7 and 8). The pools of monomers in the soluble fractions
(representing the cytoplasmic and periplasmic compartments)
were also unaffected by the levels of BamA (Fig. 3, lanes 2 and 6).
Therefore,unliketheOMlocalizationofOprF,theinsertionofthe
secretinsPilQandPscCdoesnotappeartobestronglyinﬂuenced
by the levels of BamA. XcpQ appears to be completely indepen-
dent of BamA.
We next utilized the LolB-depletion strain to assess the contri-
butionofthisproteintotheOMlocalizationofthethreeP.aerugi-
nosasecretins.InstrainswithdepletedLolB,signiﬁcantlyreduced
levels of PilQ and PscC monomers and multimers were observed
(Fig. 3, top and bottom panels, lanes 9 and 13). In contrast, the
effect of limiting LolB on the overall levels of XcpQ was minimal
(Fig.3,middlepanel,lanes9and13),andtheOMlocalizationand
FIG2 CellularlocalizationofvariousOMPsinresponsetoBamAorLolBdepletion.ImmunoblotanalysesassessingtheexpressionandlocalizationoftheOMPs
OprF(A)andlipoproteinsOprMandFlgH(B)wereperformed.Thelevelsofindividualproteinsweredeterminedintotalcells(TC)andintheinnermembrane
(IM)andoutermembrane(OM)fractionsunderBamA-orLolB-depleted(D)(0MIPTG)andinduced(I;50MIPTG)conditions.Antibodiesspeciﬁctothe
70andXcpYwereusedasloadingandinnermembranemarkers,respectively.EquivalentamountspermilliliterwithrespecttotheTCfractionwereloadedfor
each lane. Samples were not heated to 100°C in SDS prior to SDS-PAGE analysis.
FIG 3 Analysis of the localization of P. aeruginosa secretins in BamA- and
LolB-depletionstrains.ThelevelsofPilQ,XcpQ,andPscCweredeterminedby
immunoblotting using antibodies raised against each secretin. P. aeruginosa
PAK bamA (pMMB-bamA) and PAK lolB (pMMB-lolB), carrying an
araCpBAD-pil, araCpBAD-xcpQ,o raraCpBAD-exsA construct, were grown
under depleted (D) conditions (5 M IPTG) and induced (I) conditions
(50 M IPTG) for 8 h followed by induction of the secretin genes by addition
of0.02%(forpilandxcp)or0.1%(forpscC) L-arabinosefor1h.Theamounts
andlocalizationofeachsecretinwereanalyzedintotalcells(TC),and,follow-
ing lysis, the combined cytoplasmic and periplasmic fractions (C/P) was sep-
arated from the cell envelopes by centrifugation. The cell envelopes were fur-
ther fractioned into the inner membrane (IM) and outer membrane (OM)
components.EquivalentamountspermilliliterwithrespecttotheTCfraction
were loaded for each lane. Samples were not heated to 100°C in SDS prior to
SDS-PAGE analysis.
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strain(Fig.3,middlepanel,lanes12and16).Theseresultssuggest
that the OM lipoprotein assembly pathway makes a substantial
contribution to the stability of PilQ and PscC and that failure to
assemble into the OM very likely results in their degradation. In-
terestingly, LolB depletion had no effect on the levels, multim-
erization, and OM localization of XcpQ. These results demon-
strate a signiﬁcant role of correctly localized lipoproteins in the
biogenesis of some, but not all, OM proteins.
Interactionofinvitro-synthesizedsecretinswithliposomes.
Previous studies have shown that PulD and OutD, secretins from
the T2SSs of Klebsiella oxytoca and Erwinia chrysanthemi, respec-
tively, can form stable multimers and insert spontaneously into
liposomeswhenproducedinvitro(14).Toassesstherequirement
forexogenousfactorsduringmembraneassemblyoftheP.aerugi-
nosasecretins,PilQ,XcpQ,andPscC(lackingtheirrespectivesig-
nal peptides) were synthesized using a coupled cell-free transla-
tionsysteminthepresenceofsyntheticliposomesgeneratedfrom
asuspensionofasolectin.Insertionoftheseproteinsintothelipo-
somes was monitored by centrifugation with and without treat-
ment that is known to extract peripherally associated proteins
(urea) or to dissociate secretin multimers completely (phenol).
TheresultsshowninFig.4demonstratethatasigniﬁcantfraction
of in vitro-synthesized XcpQ, but not PilQ or PscC, formed high-
molecular-massmultimersthatassociatedwithliposomespresent
during their synthesis (left panels, lanes 1 and 2). As observed for
OutD, XcpQ multimers were dissociated into monomers by heat
andphenoltreatment(Fig.4B,lanes3and4).TheXcpQmultim-
ers remained associated with the liposomes after urea treatment,
indicating that they were correctly inserted into the liposome bi-
layer (Fig. 4B, lane 5). Transmission electron microscopy (TEM)
of XcpQ containing urea-treated liposomes clearly showed the
FIG 4 Analysis of in vitro-synthesized PilQ, XcpQ, and PscC insertion into liposomes. Secretins PilQ (A), XcpQ (B), and PscC (C), lacking signal sequences,
weresynthesizedinvitrointhepresenceofasolectinliposomes.SampleswereanalyzedbySDS-PAGEandimmunoblottingwiththeappropriatesecretin-speciﬁc
antisera and with or without prior urea treatment to dissociate peripherally associated proteins and phenol treatment to dissociate multimers. Equivalent
amountsofeachsampleinrelationtotheamountoftotalreactionmixturerepresentedinlane1wereloaded.DNAencodinggreenﬂuorescentprotein(Gfp)was
used in a control reaction for proteins cross-reacting with the antisera. Lane 1, total in vitro reaction; 2, centrifuged liposomes; 3, liposomes heated to 100°C in
SDS;4,phenol-treatedliposomes;5,urea-washedliposomes;6,urea-washedliposomestreatedwithphenol;7,totalinvitroreactionofGfpcontrol;8,centrifuged
liposomes of Gfp control. Transmission electron microscope images of negatively stained liposomes, after being washed with 4 M urea, are shown on the right
in each panel. The white arrows indicate top views, and the black arrow indicates a side view. Bar, 100 nm.
Outer Membrane, Bam and Lol Pathways, P. aeruginosa
November/December 2011 Volume 2 Issue 6 e00246-11
® mbio.asm.org 5presence of ring-like structures similar to those previously ob-
served in vivo (Fig. 4B, right panel) (15). Analogous structures
were not found to be associated with liposomes present after syn-
thesisofPilQandPscC(Fig.4AandC,rightpanels).Theseresults
suggestthatXcpQdiffersfromPilQandPscCinitsabilitytoform
multimers spontaneously and insert into liposomes.
DISCUSSION
Accordingtothecurrentstateofknowledge,transportofproteins
to and their insertion into the OM occurs by one of two main
pathways, depending on their lipidation status. Nonlipidated
-barrel-containing proteins utilize a group of periplasmic chap-
erones and the ﬁve OM Bam proteins for their folding and inser-
tion into the OM (2, 3). Peripheral OM lipoproteins are ﬁrst lipi-
dated in the IM and then shuttled to the OM through a pathway
consisting of inner membrane components (LolCDE), a periplas-
mic protein (LolA), and an integral OM lipoprotein (LolB) (11,
12). The two processes are not entirely independent, since BamB,
BamC, BamD, and BamE are all lipoproteins and, therefore, their
targeting to the OM likely utilizes the Lol pathway. Furthermore,
OM lipoproteins with transmembrane -barrel structures pre-
sumably use elements from both Lol and Bam pathways for tar-
geting and assembly.
In this study, we developed P. aeruginosa strains in which the
levels of BamA and LolB could be controlled and then examined
the consequences of their depletion for several OM proteins. An
approximately 75% reduction of either BamA or LolB caused a
dramatic decline in the cellular level of OprF, the -barrel OM
porin, presumably due to degradation of the misfolded periplas-
mic intermediates. These ﬁndings are consistent with similar ex-
periments performed with P. aeruginosa and other microorgan-
isms in which insufﬁcient amounts of BamA destabilized and
prevented trafﬁcking of -barrel proteins (7, 8, 16). The effect of
BamAdepletiononlipoproteins(Fig.2B)wasmodestatmost,but
levels of the lipoprotein FlgH (and to a lesser extent, OprM) were
signiﬁcantly reduced as a consequence of LolB depletion. In each
case, we observed that a fraction of the lipoproteins escaped pro-
teolytic degradation in the periplasm and that those lipoproteins
were correctly targeted into the OM. These ﬁndings further un-
derscore the signiﬁcant role of the OM targeting machineries in
preventingmisfoldingandprotectionagainstdegradationoftheir
substrates.
The most intriguing ﬁnding from the analyses of the BamA-
and LolB-depletion strains is that the levels and, therefore, by
inference, the trafﬁcking of P. aeruginosa secretins (PilQ, XcpQ,
andPscC)wereunaffectedorslightly(albeitnoticeablyandrepro-
ducibly) affected when BamA levels were sufﬁciently low to com-
promise growth and severely reduce trafﬁcking of OprF. While
this result is in line with that reported for secretin PulD produced
in E. coli, for which BamA-independent multimerization and the
ability to form multimers when mistargeted to the inner mem-
branewerepreviouslyreported(10,17),itisinmarkedcontrastto
the reported BamA dependence of PilQ assembly in N. meningiti-
dis(4).WhilethesetwoPilQsecretinsperformidenticalfunctions
duringthebiogenesisoftypeIVpiliintheirrespectiveorganisms,
their sequences are not highly conserved. In contrast to BamA
depletion, LolB depletion affected the stability and localization
notonlyoflipoproteinsbutalsoofthenonlipidatedsecretinsPilQ
andPscC(butnotXcpQ).TheeffectsofLolBdepletiondescribed
above could be explained by a requirement for the lipoprotein
(BamB to BamE) components of the Bam pathway. Alternatively,
as-yet-uncharacterized Lol-dependent lipoproteins might play a
role in stabilizing and/or targeting PilQ and PscC (and perhaps
additionalOMproteins).OnesuchlipoproteinmightbePilF(18,
19),thehomologueoftheN.meningitidislipoproteinPilW,which
is required for PilQ assembly in this bacterium (20).
ItisalsonoteworthythatXcpQcaninsertintoliposomespres-
ent during in vitro synthesis, (this study), as can PulD and OutD
(14), suggesting that assembly and insertion of these three secre-
tins is independent of protein components in the outer mem-
brane. In contrast, P. aeruginosa secretins PscC and PilQ (this
study) and N. meningitidis PilQ (14) are unable to multimerize
and insert into liposomes present during in vitro synthesis, again
indicatingthatsystem-speciﬁcorspecies-speciﬁcsolubleormem-
brane components are probably required in these cases.
One explanation for the differing requirements for Bam com-
ponents for OMP trafﬁcking and assembly could be that certain
OMPs, such as secretins, do not require all or even any compo-
nents of the Bam machinery for their trafﬁcking and assembly.
Moreover,basedonourresults,somelipoproteins,suchasOprM,
may have an only limited requirement for the components of the
Lolpathway.ItshouldalsobenotedthatOprMisastructuraland
functionalhomologueofthenonlipidatedE.coliproteinTolC,the
assembly and insertion of which is independent of the POTRA
domain 1 of BamA that is required for the assembly of classical
-barrelproteins(21).Apreviousstudyassessingtherequirement
of the Bam pathway for extracellular localization of the E. coli
hemoglobin protease, an autotransporter with a -barrel translo-
catordomain,showedthattheBamBlipoproteinwasdispensable
for its insertion into and secretion across the OM (9). These ob-
servations further illustrate that the requirement for different
components of the Bam apparatus for OM localization can differ
fromproteintoprotein,presumablyaccordingtotheirindividual
structuresandorganization.Thus,oneexplanationfortheappar-
ent selective utilization by different OMPs of the conserved OM
lipoproteinlocalizationpathwayisthatthelipidatedBamproteins
function individually, allowing speciﬁc OMPs to engage them as
they are needed, based on their intrinsic folding properties and
abilitytoavoiddegradationintheperiplasm.Forexample,certain
-barrelproteins,suchasOprF,wouldnormallyfullyengageallof
the periplasmic and OM components of the Bam and Lol path-
ways needed for its correct OM insertion and, in the absence of
anyoneofthesecomponents(suchasBamA),wouldbetrappedin
the periplasm in a misfolded form and degraded by the DegP
protease. In contrast, other proteins targeted to the OM could
follow a pathway that depends (partially or totally) on only a se-
lection of the Bam components. We note that BamA, the Bam
component studied here, is generally considered to be the core
element of the Bam machinery, and it is not clear whether other
Bam components would function in its absence.
The observations reported here provide support for the hy-
pothesis that, depending on certain intrinsic properties of differ-
ent OMPs, their utilization of broad-speciﬁcity OM localization
factors may range from complete to nonexistent. Proteins with
strong -barrel structural features appear to be uniformly depen-
dent on some form of the OM translocation system. In contrast,
proteins that do not adopt this structural conformation may be
targeted into the OM by an alternative machinery, recognizing a
segment or a folded domain lacking a -barrel fold. It is also con-
ceivable that some proteins, such as XcpQ, are targeted into the
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The variable dependence of the different OMPs on general traf-
ﬁckingfactorscouldbedetermined,inpart,bytheabilityofthese
proteins to fold spontaneously into a protease-resistant confor-
mationintheperiplasmandbythepresenceofsequenceorstruc-
tural features that allow spontaneous insertion into the OM. Pro-
teins that function as folded -barrel structures could be more
prone to misfolding during periplasmic translocation and OM
insertion, thus increasing their dependence on the Bam machin-
ery. Interestingly, the results of the present study of secretins in-
dicatethatrequirementsforOMlocalizationandassemblyfactors
differ even for related proteins within the same bacterial cell, in
thiscase,P.aeruginosa.Anexampleoftheuseofyetanotherpath-
wayforsecretintargetinginthisbacteriumwasprovidedbystud-
iesofHxcQ,whichisalipidatedsecretinthatprobablyusestheLol
pathway to reach the OM directly (22). Likewise, only a limited
number of secretins, of which PulD is the best-studied example,
use a lipoprotein (pilotin) to direct them to the outer membrane
via the Lol pathway (23). Pilotins are not known to be involved in
the assembly or function of XcpQ, but secretin chaperones PilP
and PscW, whose genes are linked to pilQ and pscC, respectively,
as well as PilF as mentioned above, might modulate their OM
assembly. As discussed previously (24), the use of such a wide
variety of targeting and assembly mechanisms for even closely
related secretins almost certainly reﬂects the need to prevent the
formation of mixed multimers that would likely be nonfunc-
tional. This is particularly important in bacteria such as P. aerugi-
nosa that possess multiple secretin-dependent protein secretion
machineries. Therefore, the results presented here provide an im-
petusforfurtherinvestigationintotargetingofdifferentOMpro-
teins in a range of taxonomically unrelated microorganisms and
witharangeofrelatedOMPs,whichshouldshedlightontheﬁner
features and diversity of protein trafﬁcking mechanisms.
MATERIALS AND METHODS
Bacterialstrains,plasmids,andgrowthconditions.Thebacterialstrains
and plasmids used in this study are listed and described in Table S1 and
Text S1 in the supplemental material. Typically, unless otherwise noted,
bacterialculturesweregrowninLuria-Bertani(LB)brothat37°C.Where
appropriate, antibiotics were added at the following concentrations: car-
benicillin at 50 g/ml, gentamicin at 15 g/ml (E. coli)o r7 5g/ml
(P. aeruginosa), kanamycin at 50 g/ml, and 5-chloro-2-(2,4-
dichlorophenoxy)phenol (Irgasan) at 25 g/ml.
Growth analysis of depletion mutants. Overnight cultures were
washed three times and inoculated at about 105 CFU/ml into the appro-
priate medium used for BamA- or LolB-depleted (low IPTG) or induced
(highIPTG)conditions.Thegrowthofeachculturewasassessedbymea-
suringtheopticaldensityat600nm(OD600)attheindicatedtimepoints.
To determine the mechanism of cell death in the absence of the relevant
OMPassemblyproteins(i.e.,BamAorLolB),analiquotfromeachculture
wasseriallydilutedinLBbrothandthenplatedonLBagarplatescontain-
ing 50 M IPTG to fully induce expression of BamA or LolB. After an
overnight incubation at 37°C, the numbers of CFU per milliliter were
enumerated.Theplatingefﬁciencywascalculatedasthepercentageofthe
measured CFU versus estimated CFU per milliliter.
Cell fractionation and immunoblotting. Bacteria were grown as de-
scribed above to 9 h postinoculation, and the cells were harvested by
centrifugationat4°C.Thepelletswereresuspendedinlysisbuffer(20mM
Tris-Cl[pH7.5],0.1MNaCl,1mMEDTA,1RocheCompleteprotease
inhibitor cocktail, lysozyme [0.5 mg/ml]) to a concentration of 2 
1010 CFU/ml. After lysis by sonication, the cellular debris was cleared by
centrifugation (10,000  g, 10 min, 4°C). One half of the cell lysate
(250l)fromeachsamplewassavedasthetotalcell(TC)fraction,andthe
remaininghalfwasfurtherfractionedbyultracentrifugation(200,000g,
1 h, 4°C). The supernatant constituted the soluble fraction (cytoplasmic
and periplasmic contents). The pellet was resuspended in 250 l of inner
membrane extraction buffer (20 mM Tris-Cl [pH 7.5], 0.2% sodium lau-
royl sarcosinate [Sarkosyl; Fluka]) and incubated on ice for 30 min. After
asecondultracentrifugation,thesupernatantwassavedastheinnermem-
brane fraction, whereas the pellet (outer membrane fraction) was resus-
pendedin250lofbuffer(20mMTris-Cl[pH7.5],0.1%sodiumdodecyl
sulfate [SDS]). Equal volumes of each cell fraction were separated on an
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred
to a polyvinylidene diﬂuoride (PVDF) membrane, which was blocked
overnight at 4°C with 5% nonfat milk in TBST buffer (25 mM Tris-Cl
[pH 7.5], 137 mM NaCl, 3 mM KCl, 0.1% Tween 20). The membranes
were probed with speciﬁc primary polyclonal antibody diluted in TBST
bufferfor2hat25°CandthenwashedwithTBSTbuffer6timesfor5min
each time. The membranes were further incubated (for2ha t25°C) with
the secondary antibody (horseradish peroxidase-conjugated goat anti-
rabbitantibody;Bio-Rad)in5%nonfatmilk-TBSTbufferandwashed.In
the instances where monoclonal antibodies were used, the solution con-
sisted of horseradish peroxidase goat anti-mouse as the secondary anti-
body.SignaldetectionwasachievedwithSupersignalWestPicochemilu-
minescent substrates (Pierce). All of the OMP-speciﬁc polyclonal
antibodies used for the experiments were from the S. Lory laboratory
collection.
In vitro protein synthesis. To test for in vitro multimerization, each
secretin (PilQ, XcpQ, or PscC) was synthesized by using a rapid
transcription-translation system 100 E. coli HY kit (5-Prime) in the pres-
ence of 100 g of asolectin liposomes (Sigma) and 0.5 g of vector DNA
at30°C,aspreviouslydescribed(14).Tocheckformultimerassemblyand
insertion into liposomes, the reaction mixture was diluted in phosphate-
buffered saline (PBS) before centrifugation using a Beckman TLA-55 ro-
tor at 23,000  g for 10 min at 20°C. The pellet was resuspended in the
samebuffer,andaliquotsofitandofthesupernatantwereeitherheatedor
treated with phenol and then analyzed by immunoblotting. A further
aliquotoftheresuspendedpelletwascentrifugedandresuspendedin4M
urea in the same buffer, incubated for 15 min at room temperature, and
centrifuged again. The urea-washed pellet was resuspended, and an ali-
quot of both fractions was prepared for analysis as described above.
Electron microscopy. Liposomes were centrifuged at 23,000  g for
10 min, resuspended in 4 M urea for 15 min to dissociate liposomes and
loosely bound material, diluted to 1 M urea by addition of TN buffer,
centrifuged at 250,000  g for 30 min, and resuspended in 20 mM Tris
containing 250 mM NaCl (TN buffer). For imaging of negatively stained
samples, aliquots of 5 l were adsorbed on carbon ﬁlm-coated copper
grids, washed with 10 droplets of pure water, and subsequently stained
with 2% uranyl-acetate. Images were recorded usinga2K 2 K charge-
coupled-device (CCD) camera (Veleta; Olympus Company) at 92,000 
magniﬁcation and a Philips CM10 TEM operating at 80 kV.
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